B u çalışmanın amacı, bir seri kesikli sistem deneylerle poli (hidroksietil metakrilat-metakriloil-(L) -triptofan metil ester) poli (HEMA-MAT)] nano-yapılarının yenilebilir bitkilerden serotonin için özütleme performansını değerlendirmektir. Polidispersiyon indeksi 1.189 olan nanoyapıların ortalama boyutu, zeta boyut analizi sonuçlarına göre 100 nmdir. Nanoyapıların maksimum serotonin adsorpsiyon kapasitesi, pH 6.0'da 2901.4±65.9 mg/g olarak bulunmuştur. Bu nanosorbentin, HPLC analizi öncesi muz ve domatesde serotonin özütlemesi için uygulanabilirliği de araştırılmış. Serotonin seviyesi muz için 86.26 mg/g, domates numuneleri için 36.02 mg/g olarak tespit edilmiştir.
INTRODUCTION
S erotonin (5-hydroxytryptamine, 5-HT) is a well-recognized bioactive indolamine and has a broad array of activities in various animal cells as a neurotransmitter, hormone, and mitogenic factor. It also acts in immunomodulatory and anti-inflammatory processes in animal cells [1, 2] . Serotonin plays an important role in the modulation of sleep, anxiety, aggression, mood, sexuality, appetite, and also in muscle contraction or blood pressure regulation [3] [4] [5] . On the other hand, exogenous serotonin acts on nutrient and intestinal electrolyte transport, and body temperature [6, 7] . It has been shown with a number of studies that serotonin and related indolamines are present in different parts of plants such as leaves, stems, roots, flowers, fruits, and seeds at varying but significant amounts [8, 9] . With the finding of physiological role of serotonin and other related indolamines in animals, research on compounds with different bioactive roles naturally present in edible plants has great importance in respect of diet and health.
It has been reported that the analysis of serotonin in edible plants exhibits some difficulties. Firstly, the analytical methods must be sensitive because the amount of serotonin in some plant samples is very low. Secondly, it is difficult to select an extraction method with complete recovery and accurate results [1] . Several different methods such as high performance liquid chromatography with UV [10] [11] [12] , electro-chemical [13, 14] , or fluorescence detections [15] [16] [17] , radioimmunoassay (RIA) [18] and thin layer chromatography [19] have been widely used for the determination of serotonin in edible plants. Applications of capillary electrophoresis (CE) with the similar sensitivity of HPLC have also been reported, but CE and RIA have not been used extensively in plant analysis [18, [20] [21] [22] . Although the use of gas chromatography coupled to mass spectrometry (GC-MS) has improved sensitivity and selectivity, necessity of derivatization presents a disadvantage and limits its usage [23, 24] . Because of the difficulties mentioned above, sensitive and specific techniques are required and also extraction of the compounds present mostly at low levels with high recovery is absolutely necessary. As known, sample preparation has an important role in the whole analytical process for the extraction and concentration of target analytes. A suitable pretreatment technique can also cope with matrix interferences for the improvement of the determinability of the analytical technique [25] .
Sorbent-based extraction (also known as solid phase extraction, SPE) which is one of the typical pretreatment techniques is more prevalent than solvent-based approach because of using less toxic solvent [26] . On the other hand, SPE integrated with high-performance liquid chromatography (HPLC) presents a lot of advantages for the determination of the trace analytes [26] . So far, a great variety of sorbents for SPE has been arised. For the extraction of all kinds of compounds from complex matrices, surface modified silicas (C8, C18) [27] , macroporous polymeric materials [28] , graphene-based materials [29] , carbon nanotubes [30] , and polymeric ionic liquids (PIL) [31] have been widely utilized. Besides, it has been stated in the literature that commercial solid phase sorbents (C8, C18, aluminum-backed silica gel 60) have only been used for the extraction of serotonin [32] [33] [34] , but they unfortunately show a lack of selectivity. Therefore, development of selective sorbent material for SPE of serotonin has a critical importance.
In the past few decades, affinity chromatographic sorbents have been well-recognized materials and have attracted intense attention for the extraction, separation, purification and analytic characterization of various kinds of compounds, both in the laboratory and on an industrial scale [35] . Recently, nano-sized sorbents have been intensively studied because of their potential applications in many areas like biology, medicine and environment, because nano-sized materials have advantages being highly strong and cheaper, providing larger specific surface area and having high binding capacity for target molecules [36, 37] . In this study, the novel hydrophobic interaction affinity (HIA) sorbent was applied in order to extract serotonin before the efficient determination of it in edible plants. For this aim, N-methacryloyl-(L)-tyrptophan (MAT) and 2-hydroxyethyl methacrylate (HEMA) monomers were used in surfactant free emulsion polymerization for the synthesis of poly(HEMA-MAT) nanostructures with the size of 100 nm. Characterization of the poly(HEMA-MAT) nanostructures were performed by surface area calculations, elemental analysis, zeta charge-zeta potential, SEM, and FTIR. Afterward, the poly(HEMA-MAT) nanostructures were used for the extraction of serotonin from aqueous solutions and edible plant samples such as banana and tomato via adsorption. Desorption of serotonin and the stability of these materials were also tested.
EXPERIMENTAL Materials
Hydroxyethylmethacrylate (HEMA) (Sigma Chem., St. Louis, USA) and ethylene glycol dimethacrylate (EGDMA, Aldrich, Munich, Germany) were distilled under vacuum (100 mmHg). Serotonin was supplied by Sigma (St Louis, USA). All other chemicals were of the highest purity and used without further purification. Ultra-pure water filtered by Millipore S.A.S 67120 Molsheim-France was used for all experiments unless otherwise stated. The laboratory glassware was rinsed with water before use and dried in a dust-free environment.
Preparation of Poly(HEMA-MAT) Nanostructures
Poly(HEMA-MAT) nanostructures were prepared by surfactant-free emulsion polymerization as reported in our previous reports [37, 38] . A typical polymerization procedure may be summarized as follows: Polyvinyl alcohol (PVA) (0.5 g) used as a stabilizer was dissolved in 50 mL deionized water to prepare the continuous phase. After adding the co-monomer mixture to this dispersion phase, the combination was mixed in an ultrasonic bath for about half an hour. Before polymerization, potassium persulfate was added to the solution as an initiator and polymerization was realized in a constant temperature shaking bath at 70°C, under nitrogen atmosphere for 24 h. To remove the unreacted monomers, poly(HEMA-MAT) nanostructures washed with methanol and water several times. Poly(HEMA) nanostructures were prepared by the same formulation without MAT co-monomer. In this study, poly(HEMA-MAT) nanostructures with the size range of 100 nm were used as a hydrophobic interaction affinity sorbent for the extraction of serotonin via adsorption. Fourier transform infrared spectroscopy (FTIR) spectra of the nanostructures were obtained by using a FTIR spectrophotometer (FTIR 8000 Series, Shimadzu, Japan) after mixing the dried nanostructures (about 0.1 g) with KBr (0.1 g, IR Grade, Merck, Germany), and pressing into a pellet form. Figure 1 shows the hypothetic structure of poly(HEMA-MAT) nanostructures.
Serotonin Adsorption Studies from Aqueous Solutions
Serotonin adsorption experiments were carried out in a batch system at room temperature while stirring continuously. To determine the effect of contact time on adsorption capacity, adsorption studies were completed in the changing time interval (0-60 min). The effect of the pH was studied in the range of 3.0-7.0 using 0.1 M citrate buffer for pH 3.0-4.0, 0.1 M acetate buffer for pH 4.0-5.0, and 0.1 M phosphate buffer for 6.0-8.0. The effect of the initial concentration of serotonin on the adsorption capacity was also studied. For this goal, 10 mL of aqueos solutions containing different amounts of serotonin (in the range of 1-100 µg/mL) were treated with the poly(HEMA-MAT) nanostructures at room temperature and magnetically stirred at a speed of 200 rpm. To investigate the effect of temperature on adsorption capacity, temperature values were changed between 4°C and 45°C. To conclude the effect of ionic strength on serotonin adsorption, concentration of NaCl was changed between 0.1 M and 1.5 M. Initial and final serotonin concentrations were determined by liquid chromatographic The serotonin adsorption experiments were carried out in three replicates. The mean values and standard deviations were determined using standard statistical methods for each set of data. The margin of error was determined by calculating confidence intervals of 95% for each set of samples.
Chromatographic Determination of Serotonin
Serotonin concentrations were determined by high performance liquid chromatography (HPLC) method of Hosseinian et al. [11] . Chromatographic analysis was performed by a Hewlett Packard Agilent 1100 series HPLC system (HP Corporation, Germany) connected with a G1311A isocratic pump, a G1322A degasser and a G1315B diode array detector (500 nL, 10 mm path length). A reversed-phase ACE C4 analytical column, 250 mm × 4.6 mm, 5 μm, was employed. The mobile phases were: A, 0.1% acetic acid in double deionized water and B, 0.1% acetic acid in acetonitrile with a A:B proportion of 90:10. The flow rate was adjusted at 0.5 mL/min. The column temperature was 25°C. The injection volume and run time were 20 µL and 30 min, respectively. The chromatographic data was collected at 280 nm. At these chromatographic conditions, the retention time of serotonin was determined as 9.6 min.
Desorption of Serotonin
Different desorption agents [0.5-1.5 M NaCl, 0.5-1.5 M NaSCN and 1% triethylamine (TEA)] were examined to carry out the most efficient desorption. The serotonin adsorbed poly(HEMA-MAT) nanostructures were incubated in desorption medium at room temperature for 6 h. Desorption ratio was determined using the amounts of serotonin adsorbed on the nanostructures and the final serotonin concentration in the desorption medium.
Desorptio ratio (%)= Amount of serotonin Desorbed/ Amount of serotonin absorbed (2) The nanostructures were washed with deionized water for 2 h and conducted with the buffer used in the adsorption and were then reused for serotonin adsorption.
Extraction of Serotonin from Banana and Tomato Using Poly(HEMA-MAT) Nanostructures
Food samples (banana and tomato) were purchased at local commercial markets. A portion of about 0.25 g of the edible part of food samples was homogenized in 0.01 M acetic acid containing 10 g/L each of EDTA, ascorbic acid, and sodium peroxomonosulfate (Na 2 SO 5 ) [39] . The homogenates of food samples were centrifuged for 40 min at 10000 x g and then the sample supernatants as 400 µL were added to 100 µL of poly (HEMA-MAT) nanostructures and shaked for 30 min at room temperature. After centrifugation of last mixture at 10000 x g for 40 min, a volume of 20 µL of the final extract filtered through a 0.2 µm PTEF membrane was injected in the HPLC system and analyzed under conditions described above.
RESULTS AND DISCUSSION
Properties of Poly(HEMA-MAT) Nanostructures Nanostructures may result in high extraction yield because of their larger specific surface area. So it may be functional to prepare nanostructures with large surface area and apply them as suitable sorbents for the extraction of bioactive molecules. The characterization studies for the nanostructures were conducted and reported in detailed in our previous study [38] . Properties of poly(HEMA-MAT) nanostructures can be summarized as below: The p(HEMA-MAT) nanostructures in the size of 100 nm in diameter have a good spherical shape, uniform size and non-porous structure. Non-porous structure of the adsorbents is a great advantage, because significant intraparticle diffusion resistances are absent. So, this is particularly useful for the rapid separations [40] . The specific surface areas of poly(hydroxyethylmethacrylate) [p(HEMA)] and p(HEMA-MAT) nanospheres were determined as 1856 m 2 /g and 1914 m 2 /g, respectively. The amount of N-methacryloylamidotryptophan (MAT) incorporated to polymer was determined as 1.95 mmol/g polymers by using nitrogen stoichiometry [38] . MAT was selected as the hydrophobic affinity ligand. Hydrophobic interaction chromatography (HIC) makes use of the hydrophobicity of biomolecules stimulating their separations on the basis of hydrophobic interactions between immobilized hydrophobic ligands and nonpolar regions on the surface of the biomolecules. HIC can use various types of hydrophobic molecules having side chains of nonpolar amino acids like tryptophan, methionine, alanine, and phenylalanine as a ligand [41] .
FTIR spectrum given in Figure 2 shows the incorporation of MAT into the structure of poly(HEMA-MAT) nanostructures. The peak observed at around 3500 cm -1 took its source from the stretching vibration of hydroxyl groups of both poly(HEMA) and poly(HEMA-MAT) nanostructures. The peak at this wavenumber of poly(HEMA-MAT) nanostructures is sharper than the peak of the poly(HEMA) nanostructures because of the extra stretching vibration of the hydroxyl group of MAT in the poly(HEMA-MAT) nanostructures. Reason of the change in the FTIR spectrum of poly(HEMA-MAT) nanostructures around 3000-3400 cm − 1 is the presence of N-H stretching and aromatic C-H stretching bands of L-tryptophan. Furthermore, the characteristic stretching vibration band of carbonyl group at 1700 cm -1 in poly(HEMA-MAT) nanostructures was excessively sharp because of existence of extra carbonyl groups. The band observed around 749.8 cm -1 was assigned to the aromatic characteristic of MAT. These data confirmed the presence of MAT in the structure of poly(HEMA-MAT) nanostructures.
Optimization of Serotonin Adsorption Effect of Contact Time
As shown in Figure 3 , the serotonin adsorption capacity increased with the contact time and then reached a plateau value after the contact time of 30 min. Therefore, equilibration time was taken in consideration as 30 min. Afterall in the following experiments, the contact time was adjusted to 30 min to ensure adsorption equilibrium.
Effect of pH
Batch adsorption equilibrium studies were performed at different pHs in the range of 3.0-7.0 at 25°C for the determination of the effect of pH on the adsorption of serotonin onto poly(HEMA-MAT) nanostructures. As seen in Figure 4 , the amount of adsorbed serotonin increased from pH 3.0 to 6.0 and decreased dramatically when the pH was increased to 7.0 and maximum adsorption of serotonin was observed at pH 6.0. The pH can be a significant factor influencing the adsorption of biomolecules in hydrophobic interaction chromatography (HIC) [42] [43] [44] [45] . Usually, the hydrophobic interaction between biomolecules and the hydrophobic ligands decreases with the increasing pH, because hydrophilicity increases in conjuction with the changing charge of the biomolecule [45, 46] . Near pH 6.0, it can be concluded that the hydrophobic interactions between the serotonin molecules and the poly(HEMA-MAT) nanostructures, and the intramolecular interaction between the serotonin molecules are high and these interactions enable the close packing of serotonin molecules on the poly(HEMA-MAT) nanostructures. These hydrophobic interactions may be the result of the attraction of the non-polar side chains of the serotonin molecules by the hydrophobic surface of the poly(HEMA-MAT) nanostructures. Beside, these interactions may arise from from the serotonin-serotonin interactions between the hydrophobic side chains of neighbouring serotonin molecules adsorbed poly(HEMA-MAT) nanostructures surface. On the other hand, the lower amount of serotonin adsorbed at a pH 5.0 can be explained in terms of the net positive charge on the serotonin molecules. With decreasing the pH, the net positive charge on the serotonin increases and electrostatic repulsion between the -NH 3 + of the serotonin molecule occur. It can be concluded that the formation of -NH 3 + partially hinders the hydrophobic interaction between the serotonin and adsorbent. Thus, the serotonin molecule need more space and the amount of serotonin adsorbed is reduced. Also, the reason of low adsorption at pH values below 4.0 could be due to degradation of serotonin, because serotonin is not stable at acidic pH. At pH 7.0, basic properties of amine group in the serotonin structure increases and this amine group may attack to the phenol group of serotonin. So, phenol deprotonation may occur, and hence, the electrostatic interaction between the negatively and positively charged groups of the neighbouring serotonin molecules results in a reduced amount of adsorption. Figure 5 shows the effect of the initial serotonin concentration on the adsorption capacity of the poly(HEMA-MAT) nanostructures. We observed that the amount of adsorbed serotonin increased with the initial concentration and then reached a saturation value of 500.0 µg/mL. Maximum adsorption capacity of the poly(HEMA-MAT) nanostructures was found to be 2901.4 ± 65.9 mg/g. It should also be paid attention that the insignificant amounts of serotonin were non-specifically adsorbed on the plain of the poly(HEMA) nanostructures (13.8 ± 0.9 mg/g for serotonin). On the other hand, the serotonin adsorption capacity of the prepared materials was significantly increased by the incorporation of MAT groups. The reason could be the strong specific hydrophobic interactions between serotonin and MAT groups.
Effect of Serotonin Concentration

Effect of Temperature
Temperature is a considerable parameter in adsorption reactions. Because of the exothermic nature of the adsorption, adsorption capacity decreases with increasing temperature and molecules adsorbed earlier on a surface incline to be desorbed from the surface at higher temperatures. The studies are usually carried out at approximately 25-30ºC, sometimes in the range 4 to 55 o C [46] [47] [48] [49] . In this study, adsorption studies of serotonin were followed out over a range of temperatures from 4 to 45°C. As seen in Figure 6 , the adsorption capacity of the prepared materials decreased about 45.1% from 4 to 45°C. According to the theories developed for the interaction of hydrophobic solutes in water, it was suggested that the interaction increases with increasing temperature, because the binding of biomolecules to HIC adsorbents is an entropy driven process [DG= (DH-TDS)]. However, an opposite effect indicating that the role of temperature in HIC is of a complex nature has taken part in the literature [50] .
In order to predict the impact of temperature on serotonin adsorption, the enthalpy value (DH) for the adsorption of serotonin onto the poly(HEMA-MAT) nanostructures was calculated. Firstly, the distribution coefficient K d [51] was determined using the following equation:
Q eq is the mass of adsorbed serotonin per unit mass of adsorbent. C eq is the equilibrium concentration of serotonin (mg/mL). Then, the enthalpy value for the adsorption of serotonin can be estimated according to Van The enthalpy of the serotonin adsorption onto the poly (HEMA-MAT) nonostructures was calculated from the plots of log K d vs. 1/T as -11.3 kJ/mol. This data indicated that the adsorption of serotonin onto the poly (HEMA-MAT) nanostructures was really exothermic and so it was an expected result to observe a decrease in the adsorption capacity as the temperature increases from 4 to 45°C.
Effect of Ionic Strength
Ionic strength is the most important parameter that effect adsorption capacity. As shown in Figure 7, the amount of serotonin adsorbed onto poly(HEMA-MAT) nanostructures decreased significantly (74.8%, p<0.05) as the NaCl concentration increased from 0.0 to 1.5 M. The interactions between the serotonin molecules can increase because of the increasing repulsive electrostatic interactions between the salt ions with the increasing salt concentration and this results in aggregation and precipitation [52] . This large serotonin aggregates might block the adsorption onto poly(HEMA-MAT) nanostructures and may not permit the other molecule to get near the inner side of polymer, and hence the reduced serotonin adsorption capacity can be expected.
Desorption Studies and Reusability of the Poly (HEMA-MAT) Nanostructures
In order to desorb serotonin from poly(HEMA-MAT) nanostructures, different desorption agents (0.5-1.5 M NaCl, 0.5-1.5 M NaSCN and 1%TEA) were examined in a batch system. The desorption using 0.5 and 1.0 M NaCl, 0.5-1.5 M NaSCN and 1%TEA was affectless, however using 1.5 M NaCL more than 90.0% of the adsorbed serotonin was desorbed from the poly(HEMA-MAT) nanostructures. As mentioned in the result of ionic strength effect, adsorbed amounts of serotonin decreased as salt concentrations increased at pH 6.0, because of the aggregation of serotonin molecules. Another possible explanation for the observation of higher desorption with 1.5 M NaCl may be like that sodium chloride is a stronger water structure breaker than sodium thiocyanate, so it has greater capability to promote biomolecule adsorption in the hydrophobic interaction-dominant procedure. On the other hand, it decreases biomolecule binding in the electrostatic system.
The same nanostructures were used for five times in the adsorption-desorption cycle to evaluate the reusability of the poly (HEMA-MAT) nanostructures. Remarkable reduce in the adsorption capacity of the nanostructures was not observed (Figure 8 ). So, it can be concluded that these materials can be used again and again in the serotonin extraction without determinable losses in their initial adsorption capacity.
Extraction of Serotonin from Banana and Tomato Samples
Serotonin extraction studies from edible plants such as banana and tomato were performed in a batch system for 30 min at 25 o C while stirring continuously at the optimized adsorption conditions. Figure 9 shows the typical chromatograms of reference serotonin standard, spiked and unspiked banana and tomato samples. To show the accuracy of serotonin adsorption from food samples, a 5 mg.L -1 serotonin solution was spiked to food samples. The peak area of serotonin in the spiked banana or tomato sample was increased equally depending on the spiked serotonin level (Figure 9 c and f) . Adsorption capacities of the poly(HEMA-MAT) nanostructures were determined as 86.26 mg/g for banana samples and as 36.02 mg/g for tomato samples, respectively. The desorption percentages were determined as 76.7% (± 5.4%) for banana and 91.5% (± 6.4%) for tomato (n= 5). The accuracy of this extraction method was examined from the results of the recovery by means of standard addition procedure. The mean recovery was obtained as 94.4% (± 3.4) for banana and as 92.0% (± 2.2%) for tomato (n=5). With these results, it could be concluded that this extractive procedure allows us to increase the extraction efficiency of serotonin from edible plants reported by literature [1, 53, 54] .
CONCLUSION
A nano-sized hydrophobic interaction affinity sorbent was prepared by polymerization of HEMA and MAT and applied for the extraction of serotonin from edible plants. Poly(HEMA-MAT) nanostructures showed excellent affinity to serotonin and extraction capacity of the nanostructures was higher than that of the literature because of the relatively larger surface area of the nanostructures used in this work. Therefore, we can suggest that the efficiency of extraction of biomolecules from different sources can be enhanced by reduction in the size of sorbent materials. The time needed to reach equilibrium was about 30 min, in this case it can be said that the adsorption is relatively fast. This adsorption equilibrium can most probably result from the high interaction between serotonin and the hydrophobic group incorporated into the nanostructures. As known, the reusability of an adsorbent is crucial as a key factor in demonstrating process economics. Desorption ratios obtained with this work were very high (up to 90%) and we also determined that poly(HEMA-MAT) nanostructures are suitable for repeated use without remarkable loss of capacity. According to our results, extraction of serotonin from edible plants can be achieved more effectively using these nanostructures. As a result, the low cost, less labor intensiveness, high separation efficiency of poly(HEMA-MAT) nanostructures make them most promising synthetic materials for the extraction of serotonin. 
